Background A variety of materials have been used for bone augmentation, distraction osteotomy, and in postcancer patients following tumor removal. However, a temporary metal implant that would resorb after successful treatment is a new concept. Magnesium was suggested as a suitable material for these purposes because it is biocompatible, has better mechanical properties than titanium, and stimulates new bone formation. This study evaluates histological appearance of magnesium-based implants and the surrounding bone.
Introduction
Titanium screws are commonly used to provide rigid fixation for onlay grafting but have potential drawbacks including the need for a second surgery for removal before implant placement and screw fracture during removal [1] . These problems raised the need for temporary metal screws and plates that would resorb after the bone healing is complete. This would decrease the costs associated with repeated surgeries, minimize recovery times, decrease the risk of postoperative infections, and thus promote higher quality of life to each individual patient. The possible application areas of magnesium screws and plates could be among others fixation of traumatic orbital defects [2] , treatment of zygomatic fractures [3] , fixation of mandibular fractures [4] , fixation in orthognathic and pediatric craniofacial surgeries [5] , and fixation of calvarial bone grafts.
For metal alloy to be successfully used as a resorbable implant, several criteria must be met. It should provide enough strength to the healing tissues, it should resorb after a set time period, and it should be non-toxic and cause no harm to the organism.
Magnesium is considered a suitable material for biodegradable implants for a number of reasons. First of all, it is biocompatible [6] . By term biocompatible it is meant that material does not cause toxicological tissue reaction. Secondly, magnesium is natural for humans since our body contains about 25 g of this element and 50-60 % is found in bone [7] . Thirdly, magnesium seems to stimulate bone formation since magnesium ions enhance the cell attachment and proliferation [8] . New bone was seen forming in direct contact to magnesium's degradation layer in previous studies [9, 10] . Last but not least, it has excellent mechanical properties, with values being closer to the healthy bone than titanium alloys [11] .
However, an important problem of magnesium is a high corrosion rate with consistent hydrogen gas formation on contact with fluids [12] . In water, magnesium hydroxide accumulates on the surface of the magnesium implant to form a mildly protective corrosion layer, also known as a degradation layer. Although this film slows corrosion under aqueous conditions, it reacts with chlorine ions present in blood to produce a highly soluble MgCl 2 and hydrogen gas [12] . Therefore, severe pitting corrosion can be observed on magnesium alloys where the chloride concentration of the body fluid is about 150 mM/L [9, 10] . Increase of the pH during this reaction further irritates tissues slowing the healing. This is a known challenge and several magnesium alloys were proposed and investigated, however, none of them was good enough for further development.
In general, adding extra elements to the alloy will strengthen material by forming inter-metallic phases. These inter-metallic phases act as obstacles for the dislocation movement [12] . Even ductility and corrosion properties might be improved [12, 13] . Alloying magnesium with yttrium could be an effective measure to improve the biocorrosion properties of the magnesium alloy for biomedical application [14] . Yttrium belongs to the rare earth family and is known by its relatively low chemical toxicity and can be used in very small amounts without toxic effect on the organism [15] .
Synthetic calcium phosphate materials like hydroxyapatite (HA) [Ca 10 (PO 4 ) 6 (OH) 2 ], are widely used today in orthopedics, dental and maxillofacial fields as bone substitutes and as coating material for metallic implants [16, 17] . This is because HAs have chemical composition close to bone mineral matrix which gives them excellent biocompatibility, osseointegration and osteoconductivity properties [16] . Coating the surface of the metallic implants with HA to enhance osseointegration is a common method. However, in case of degradable metals like magnesium, the quality of the HA coating is crucial since it determines the degradation rate of the underlying magnesium. If any defects in the coating are present, then magnesium is immediately exposed to the surrounding bone and starts degrading. This will result in uneven and unpredictable corrosion. Since the degradation of magnesium starts from the surface [17] , it is more rational to combine magnesium with HA. This would make the degradation process more controllable.
For the above reasons, three types of biodegradable magnesium-based implants were chosen for this study: magnesium-hydroxyapatite (Mg-HA); an alloy containing 96 % magnesium and 4 % yttrium (W4), and 99.8 % pure magnesium (pure Mg).
The aim of the current observational study was to evaluate the histological appearance of magnesium-based implants and the bone response to these materials.
Materials and Methods

Production of Samples
Three types of magnesium-based implants were used in this study: (a) pure Mg (99.8 % of Mg by wt); (b) W4 alloy, VMWO 061 R116986; (c) Mg-HA (80 % W4, 20 % HA). The HA powder was produced by spray drying a HA slurry. Mg-HA samples were manufactured by high-energy milling of a mixture of HA and Mg granules and extruding the homogenate [18] .
Pure Mg and W4 were cut from cast ingots and machined into rod samples with a dimension of 5.0 mm in length and 5.5 mm in diameter. Implants were ultrasonically cleaned and packed into airtight pouches. Gammasterilization was performed at the BBF Sterilisation service GmbH facility (Kernen, Germany) with a total dosage of 29 kGy.
Implantation
All animal experiments were conducted according to the European Commission Directive 86/609/EEC for animal experiments. Twenty-four female New Zealand white rabbits (Manfred Bauer, Neuenstein, Germany) were used. There were eight animals in each group. The pre-anesthetic procedure included an intramuscular administration of Ketamine (50 mg/kg) and Xylazine (1 mg/kg). General anesthesia was then achieved with intravenous administration of Ketamine (25 mg/kg) as well as Midazolam 0.5-1 mg/kg. Post-operative anesthesia was achieved with Bupreorphin 0.05 mg/kg. An incision at the skin level was performed followed by a muscle layer and a periosteal incision. Next, a flap was reflected, and the bone exposed. The samples were implanted by lateral approach to the left distal femur condyle after predrilling with a 5.5 mm hand-operated diamond bone cutting system under constant irrigation with saline solution. Implantation was performed pressfit into the spongiosa. One magnesium-based implant was implanted per rabbit. The periosteum, muscle, and dermis layer were closed with 4-0 vicryl (Ethicon Johnson, Miami, FL) resorbable suture, using single interrupted nodes. The skin was sutured with 4-0 nylon (Ethicon Johnson, Miami, FL) sutures. After the surgical procedures, the animals were kept in their cages under controlled lighting and temperature.
After the operation, all the animals received 128 mg of Veracin as an antibiotic prophylaxis. Postoperatively, the rabbits were allowed to move freely in their cages without external support. Four rabbits per group were sacrificed randomly at 6 and 12 weeks post-operation, respectively.
Histological Preparations
The bone samples were embedded in paraffin and in methyl methacrylate based resin.
For the paraffin embedding, the specimens were first fixed in 4 % phosphate-buffered paraformaldehyde (Merck, Darmstadt, Germany), then decalcified with 10 % ethylenediaminetetraacetic acid (EDTA, pH 8.0; Sigma, Taufkirchen, Germany) in 3.5 M Tris buffer (pH 7.4; Sigma) for 21 days, dehydrated with graded ethanol concentrations, saturated in xylene, and finally embedded in paraffin. Sections of 3-5 lm thickness were cut with a rotator microtome (Leica, Bensheim, Germany), deparaffinized, and then stained with hematoxylin and eosin (HE) (Shandon Scientific Ltd, Cheshire, UK).
For the Technovit Ò 9100 new embedding, the samples were prepared according to the manufacturers protocol (Heraeus Kulzer, Hanau, Germany) and then grinded into 50 lm thick specimens using EXAKT-microgrinding system (400, CS). The grindings were stained with toluidine blue (TB) and tartrate-resistant acid phosphatase (TRAP). Briefly, the grindings were first declassified. For TB, they were etched in 20 % hydrogen peroxide for 40 min, stained with TB solution containing Sodium Tetraborate (Merck, Germany), Pyronin G (Merck, Germany) and TB (Chroma, Germany). The grindings were then let to dry for 24 h, washed in 100 % ethanol and xylene, and coverslipped with DePeX mounting medium (Serva Electrophoresis Life Science Products, Germany). For TRAP the sections were treated with 0.1 M Sodium Acetate buffer and incubated in Napthol-AS-TR phosphate (N6125-1G, Sigma, Germany) in N-N-Dimethyl formamide (Sigma Aldrich) and sodium tartrate (Merck, Germany) with Fast Red TR salt (Sigma Aldrich) at 37°C for 60 min. Coverslipping was performed using DePeX.
Histomorphometric Analysis
Image capturing used Axioplan 2 Imaging system (Carl Zeiss, Germany) associated to a DC500 camera (Leica, Germany). Image evaluation was performed on ImagePro Ò Plus (Weiss Imaging and Solutions GmbH, Germany) and Photoshop CS3 Extended Ò (Adobe, v.10.0.1, 2007, USA). The region of interest (ROI) was defined as 2 mm from the implant surface since we were mainly interested in implant stability in the surrounding bone and the reaction of the nearby tissues. Briefly, circles with diameter 7.5 mm were created in Photoshop CS3 Extended Ò and placed in the implant area. The implant was centered in the middle of the circle. All histomorphometric analysis was then limited to the ROI inside the circle. For measuring the amount of gas voids, corrosion layer and new bone, all areas containing these structures were first selected and then the total area calculated. For quantification of TRAPpositive cells, all cells were counted in the ROI and then the resultant number was divided by the circle area (mm 2 ) to get the mean number of cells per mm 2 . In order to determine the implant-bone contact, the interface between material and trabeculae was measured in mm for each animal.
Transmission Electronic Microscope (TEM)
Examination under TEM was performed in order to study the cell morphology and bone response to magnesium materials. Sections were first fixed in 2 % phosphate-buffered paraformaldehyde with 2 % glutaraldehyde and 0.02 % picric acid, and later in 1 % osmium acid. After dehydration in ascending grades of ethanol, all samples were embedded in Epon (Serva, Heidelberg, Germany). Semithin sections of 0.5-1 lm were cut using an ultramicrotome (Reichert-Jung, Vienna, Austria), and then ultrathin sections of about 60-80 nm were prepared with the same machine. Examination was done with the transmission electron microscope LEO EM 912 (Zeiss, Oberkochen, Germany). Images were recorded with a 2 k 9 2 k slow scan CCD camera (Troendle Restlichtverstärker-Systems, Moorenweis Germany).
Statistical Analysis
Data were analyzed using the Statistical Package for the Social Sciences, SPSS Ò (SPSS Inc. v18, Chicago, USA). The significance level was set at 5 %. ANOVA test was used to determine whether any significant differences in hydrogen gas production, bone contact, corrosion layer and implant resorption existed between the three groups. Bar graphs were plotted in Microsoft Excel Ò computer software (MS Excel 2003, Washington, USA).
Results
Bone Response
There was no significant difference between the pure Mg and W4 in the amount of new bone formation (p = 0.08), and these two materials showed similar appearance histologically (Fig. 1A-D) . Both materials were often surrounded by host bone (Fig. 1B) , with few areas with newly formed bone in direct contact to corrosion layer at 6 and (Fig. 1C, D) . The least new bone was observed in Mg-HA group compared to all other materials both at 6 and 12 weeks (Fig. 1E, F) . This difference was statistically significant (p = 0.03).
What was similar for all groups was that the clusters of new bone typically formed on the circumference of gas bubbles, encircling the gas (Fig. 2A, B) . These newly formed bone clusters grew and appeared more matured and developed at 12 weeks (Fig. 2C, D) . Mean bone contact to the implant surface was more extensive in Mg-HA group both at 6 and 12 weeks (Fig. 3A) . Pure Mg and W4 had the lowest mean values for bone-implant contact (Fig. 3A) .
TRAP-positive multinucleated cells were found in all groups. The highest mean prevalence of TRAP-positive cells was seen in Mg-HA group at 6 weeks. There was no significant difference between the groups at 12 weeks postoperation, and the number of TRAP positive cells was similar in Mg-HA and pure Mg groups (Fig. 3B ).
Gas Voids
In general, the gas voids' diameter was biggest at some distance from the implants. The bubbles were smallest at material surface. Pure Mg and W4 were normally surrounded by huge bubbles up to 4 mm in diameter whereas Mg-HA implants were producing smaller gas volumes. The gas was spread in the bone marrow, not affecting trabecular or cortical bone. Least gas was seen in the bone surrounding Mg-HA biomaterial both at 6 and 12 weeks, whereas W4 produced the most gas of all groups (Fig. 4) .
Implant Resorption Behaviour
Mg-HA implants had the fastest corrosion rate of all evaluated materials (Fig. 5 ). Already at 6 weeks most implants lost their integrity, and degradation products together with the implant pieces were seen in the tissues. At 12 weeks the implants were even more degraded. Unlike Mg-HA, both pure Mg and W4 retained their round shape and density. Corrosion process was happening on their surface, whereas in Mg-HA corrosion was more uneven and uncontrollable.
TEM
Bone remodeling was observed in direct proximity to implants' surface. In W4 group osteoclasts were seen at implants interface (Fig. 6A) . The signs of bone remodeling with typical rough borders at bone-implant interface were also seen at gas voids' periphery in W4 (Fig. 6B) . Osteocytes were evenly spread in the bone tissue (Fig. 6B ). W4's degradation particles which otherwise were not seen at light microscope magnifications were observed in the tissues at 12 weeks (Fig. 6C) . Few osteoblasts were seen in Mg-HA group, and often these cells exhibited abnormal morphology (Fig. 6D) . Unlike, other materials, bone remodeling around gas voids was not observed in Mg-HA (Fig. 6E) . However, new bone-ingrowth into the material was found (Fig. 6F) .
Discussion
In this study three magnesium-based implants were compared qualitatively and quantitatively using such parameters as degradation behaviour, gas formation and bone response.
Formation of corrosion layer and implant resorption shows the rate of implant degradation. It is crucial that the implant starts resorbing after the bone has gained enough ) around the tested materials at different time points strength after the fracture. In this study, Mg-HA implants had the fastest corrosion rates. Already at 6 weeks these biomaterials lost their integrity, and degradation products together with the implant pieces spread in the tissue. At 12 weeks Mg-HA were even more disintegrated and spread outside the initial area of surgical placement. Hardtissue repair typically requires implantation of the fixture for a minimum of 12 weeks [11] . Thus, Mg-HA tested in this study does not meet these criteria, most likely due to high concentration of HA reaching 20 % by wt. It was shown in one study that the corrosion rate of calciumcontaining magnesium implants was highly dependent on the amount of calcium in the alloy: the higher the calcium concentration, the faster the degradation rate [19] . Based on these results it can be assumed that decreasing the amount of HA might improve resorption properties of Mg-HA. Unlike Mg-HA, pure Mg and W4 held their original round shape during the whole period of investigation. These two materials were covered by even corrosion layer, meaning that degradation was quite uniform. W4 had the most even degradation behaviour in this study. Material was covered by uniform corrosion layer and degradation products were rarely seen breaking off the surface unlike in the other implants. This means that the surface corrosion is more homogeneous and thus more predictable. This, of course, is more beneficial for the screws and plates that are to be used in bone augmentation procedures.
In this study we have observed an interesting pattern of new bone formation around magnesium-based implants. The bone formed not only around material itself, but also around the gas voids. Osteocytes, the principal sensors for mechanical loading of bone, regulate the onset of bone formation and resorption [20] . Moderate mechanical stress stimulates bone formation by osteoblasts, whereas high loads or no loads at all lead to bone resorption by osteoclasts [20] . It can be hypothesized that the gas produced by degradation process of magnesium acted as a moderate mechanical stress and stimulated osteocytic activation of bone remodeling process in this study. This could explain why the clusters of new bone were often seen forming around the gas voids.
When comparing the values for implant-bone contact (Fig. 3A) and the amount of gas (Fig. 4) , a certain pattern between these two parameters could be observed: the less gas, the higher the implant-bone contact. Thus, for Mg-HA the highest mean bone-implant contact was most probably due to the lowest mean gas amounts compared to the other groups.
TRAP is an enzyme that is expressed in high amounts by osteoclasts, and even by inflammatory macrophages and dendritic cells [21] . TRAP-staining is widely used as a marker of osteoclasts. High amount of TRAP-positive cells, which in most cases are osteoclasts, is a first sign of bone remodeling since resorption by osteoclasts precedes bone formation by osteoblasts. Mg-HA group had the highest mean number of TRAP-positive cells at 6 weeks both surrounding the implant and in direct contact to material, compared to pure Mg and W4. This is probably because of fewer and smaller gas bubbles which, hypothetically, do not push out the cells from the implant resulting in higher cell counts in the ROI. Another explanation to such high numbers of the TRAP-positive cells could be the osteolysis caused by high degradation rate of Mg-HA and an increase in metal particulates in the bone. This immunological response can cause the loss of bone and lead to implant failure. Macrophages, fibroblasts, lymphocytes and osteoclasts are recruited to the implantation site and secrete proinflammatory and osteoclastogenic cytokines, exacerbating the inflammatory response. This chronic cell activation can break the balance between bone formation and bone resorption resulting in the osteolysis [22] .
New bone formation in direct contact to the corrosion layer was shown in, among others, Mg-Mn-Zn and WE43 in earlier publications [9, 10] . Our results are hard to compare with previous research since slightly different alloy compositions and manufacture methods are used in various in vivo studies. However, also in this investigation it was observed that new bone can form directly on corrosion layer of pure Mg and W4. The least new bone formation was seen in Mg-HA. This material had the fastest degradation of all implants and thus its release of corrosion products was the highest. These products might have changed the internal environment and interfered with the normal tissue healing. This could also explain the abnormal appearance of osteoblasts coming in direct proximity to Mg-HA. As a result, new bone was not readily forming in Mg-HA group.
In previous research it was stated that magnesium might stimulate bone formation since magnesium ions enhance cell attachment and proliferation [8] . In our study, new bone was seen forming in direct contact to the materials, as well as around the gas voids. Thus, magnesium itself seems to be biocompatible. It is its product of degradation-gaswhich causes mechanical barrier for the cells.
To conclude, pure Mg and W4 were shown to be the most promising materials in this study in respect to the bone response to the implant material. Mg-HA did not enhance the bone healing, had extremely fast degradation and high amount of TRAP-positive cells which might be the sign of the osteolysis. The limitation of this study is that it looks at histological appearance of magnesium materials and the surrounding bone; future research should look at mechanical performance of such materials in vivo. The possible applications of pure Mg and W4 could be the screws and plates for fixing minor bone fractures as well as for bone augmentation procedures in implant dentistry and maxillofacial fields in order to avoid the secondary surgery for screw removal.
Conclusion
Magnesium implants have huge potential for future medical applications in orthopedic, dental and maxillofacial fields. Pure Mg and W4 were shown to be the most promising materials in this histological study. 
